Abstract: Thymidylate synthase (TS) is a well-validated target for cancer chemotherapy. TS was established as the principal target of the widely used anticancer drug 5-fluorouracil (5FU). The 5FU metabolite FdUMP forms a covalent complex with TS that is stabilized by 5-formyl tetrahydrofolate (leucovorin; LV). Numerous chemical strategies have been employed to develop novel TS inhibitors that are superior to 5FU/LV. 5FU is non-ideal as a TS-inhibitory drug because it is only inefficiently converted to FdUMP, while the remainder of the administered dose is converted to toxic metabolites. My laboratory has explored the utility of FdUMP [N] compounds (oligodeoxynucleotides comprised of FdUMP nucleotides) as FdUMP pro-drugs. FdUMP [N] compounds result in potent TS-inhibition, and display many advantages relative to 5FU/LV. A number of other chemical strategies have also been employed to develop pro-drugs, or metabolic precursors of FdUMP, and several of these strategies will be reviewed. In addition to chemical strategies to develop FdUMP prodrugs, a number of chemical strategies have been devised to develop molecules that resemble the reduced folate co-factor required for TS catalysis. The synthesis of antifolates that have TS-inhibitory activity, such as Raltitrexed, has resulted in compounds that are effective and specific TS-inhibitors and, in some cases, have clinical potential. Chemical strategies that target TS mRNA for destruction are also being explored as potential chemotherapeutics. These diverse chemical approaches to control TS activity in tumor cells for the treatment of cancer will be reviewed.
INTRODUCTION
Thymidylate synthase (TS) inhibitors constitute an important class of anticancer drugs [reviewed in [1] [2] [3] [4] . Although TS inhibition is one of the most mature strategies for treating human cancer [5] [6] [7] , several new approaches for TS inhibition have been described in recent years. These new approaches include further advances in the design and synthesis of novel TS-inhibitory antifolate compounds [8] [9] [10] , the targeting of TS mRNA with antisense DNA or siRNA [11] [12] [13] , and other novel strategies that are reviewed in the following sections. My own laboratory has pioneered the use of FdUMP[N] compounds as a new class of TSinhibitors [14] [15] [16] [17] [18] [19] . These new approaches, collectively, hold the promise for the development of a more efficacious and less toxic TS-directed chemotherapy.
Thymidylate synthase enzymes (TS) catalyze the reductive methylation of dUMP by N 5 ,N 10 -methylene tetrahydrofolate [20] . The product of TS catalysis is 2'-deoxythymidine-5'-O-monophosphate (dTMP). TS is required for the de novo synthesis of dTMP (Fig. 1) . dUMP, the substrate for TS catalysis, is derived from either the deamination of dCMP (catalyzed by dCMP deaminase), or from the hydrolysis of dUTP (catalyzed by dUTPase) [21] . The product of TS catalysis, dTMP, is readily phosphorylated to dTTP, one of the four principal building blocks required for DNA synthesis. dTTP is also a negative regulator of dCMP deaminase and ribonucleotide reductase [21] . Since dTTP is required for DNA synthesis, inhibition *Address correspondence to this author at the Department of Cancer Biology, Wake Forest University School of Medicine, Winston-Salem, NC 27157 USA. Tel: (336) 716-6216; Fax: (336) 716-7671; E-mail: bgmeiner@wfubmc.edu of TS effectively limits DNA replication and cell division to what can be achieved using dTMP obtained via thymidine kinase and the salvage pathway [22] . TS inhibition is an important strategy for anticancer drug design because rapidly proliferating malignant cells require the de novo synthesis of deoxynucleotides to a greater extent than do cells that are less highly proliferative [23] . TS inhibition is also an important strategy for treating infectious disease because many pathogens express a TS enzyme that is structurally distinct from their host [24] .
Thymidylate synthase enzymes are highly conserved evolutionarily both in terms of structure and mechanism [25] . The enzymes are active as homodimers consisting of two identical subunits each having a molecular weight of 30-35 kDa [26] . The dimer interface consists of an extensive β-sheet [27] . The binding site for substrate and co-factor consists mainly of residues from a single sub-unit with two Arg residues (R175 and R176 of human TS) from the second sub-unit contributing to binding [28] . TS is a "half the sites reactive enzyme" with catalysis proceeding at only one binding site at a time [29] . Binding of substrate and cofactor to TS proceeds in an ordered fashion with the substrate binding first [20] (Fig. 2 ) . A substantial conformational change occurs in TS following the binding of the co-factor [30] . The dUMP substrate is activated at the C5 position by nucleophilic attack by a cysteine sulfhydryl (C198 in TS from L. casei, C195 from human TS) [31] (Fig. 3) . Binding of N 5 ,N 10 -methylene tetrahydrofolate to the TS active site then occurs with formation of an N 5 iminium ion [20] . Bond formation proceeds by the nucleophilic attack of the C5 enolate of dUMP upon the N 5 iminium ion of the reduced folate co-factor. An unidentified proteinaceous base then abstracts a proton from O4 of dUMP, promoting the formation of an exocyclic C5 methylene. The enzymatic reaction is completed by the Fig. (1) . The role of thymidylate synthase (TS) in dNTP biosynthesis. TS is required for the de novo synthesis of dTMP and is inhibited by substrate analogs such as FdUMP and co-factor analogs (antifolates).
reduction of the methylene via hydride transfer and β-elimination of the sulfhydryl anion from C6 [20] . The catalytic cycle is completed by release co-factor followed by the release of product.
CONSEQUENCES OF TS INHIBITION
Inhibition of TS in cells that have committed to cellcycle progression and cell-division results in "thymineless cell death" [32] . Thymineless cell death refers to the induction of programmed cell death in thymidine-depleted cells attempting to undergo cell division. The mechanism of thymineless cell death has not been totally elucidated in any system. In E coli, thymineless cell death is mediated by the mazEF suicide module [33] . Programmed cell death in colon carcinoma cells, subsequent to thymidine depletion, results from the activation of Fas [34] [35] [36] . Inhibition of TS results in the accumulation of dUMP, the substrate for TS, and subsequently the misincorporation of dUTP into DNA [37] . Misincorporation of dUTP into DNA leads to the initiation of DNA repair by uracil DNA glycosylase (UDG) [38] . However, under conditions of TS inhibition and thymidine depletion, UDG-mediated repair is likely to be futile [39] . Ultimately, DNA double-strand breaks occur at a frequency that leads to the initiation of apoptotic cell death [40] .
STRATEGIES FOR TS INHIBITION
The design of TS inhibitors has proven to be an important strategy for the development of drugs to treat both microbial infection [24] , and diseases of uncontrolled proliferation, especially cancer [1] [2] [3] [4] . Strategies to use TS inhibition for the design of antimicrobial agents rely on structural differences between TS expressed by the targeted microbe compared with TS expressed by the host organism (e.g. human TS (hTS)) [24] . Although highly conserved mechanistically and structurally, TS proteins from microbes are sufficiently distinct structurally from hTS to permit the design of species-specific TS inhibitors. Recently, a family of TS proteins that is both structurally and evolutionarily distinct from the highly conserved ThyA family of TS proteins has been identified (ThyX) [41] . The ThyX TS proteins are expressed in certain microbes, but have not yet been identified in sources from higher organisms. This review article will focus on the design of inhibitors that target hTS, a ThyA protein. Mammalian TS enzymes (including hTS) differ from prokaryotic TS proteins by the presence of an N-terminal insertion and the presence of insertions in two surface loops [42] .
The present review focuses on the development of TS inhibitors for the treatment of human cancer. Perhaps the most widely studied molecule that functions as a TS inhibitor is 5-fluoro-2'-deoxyuridine-5'-O-monophosphate (FdUMP) [7] . FdUMP is the TS-inhibitory metabolite of the widely used anticancer drug 5-fluorouracil (5FU) [43, 44] . FdUMP is an analogue of the natural substrate for TS, dUMP. A number of other dUMP analogs also have TSinhibitory properties. This class of TS inhibitor is described below under the heading, "Nucleoside Analogs." A new class of TS-inhibitory compounds that are related to the nucleoside analogs are polymers of FdUMP, FdUMP[N] compounds. FdUMP[N] compounds are currently under preclinical development in my laboratory [14] [15] [16] [17] [18] [19] . Another class of compounds that have TS-inhibitory activity is the antifolates. Antifolates are structural analogues of the reduced folate co-factor that serves as the one-carbon donor and reductant for the reaction catalyzed by thymidylate synthase. Recent developments in antifolate design, synthesis, and biological activity are reviewed in the following section. In addition to the nucleoside analogs and antifolates, each of which inhibit TS activity by binding to the enzyme, several laboratories have investigated the potential utility of antisense and antigene approaches to Fig. (2) . Depiction of a catalytic cycle for thymidylate synthase (TS). TS is a "half-the-sites reactive" enzyme. Arginine residues are involved in both both interdomain and intradomain stabilization of substrate binding. For simplicity, only one of the two interdomain substrate:Arg interactions is depicted. Binding of substrate precedes binding of the co-factor. Following catalysis, modified co-factor is releases prior to release of the product, dTMP.
inhibit TS activity by reducing the expression of TS protein.
These approaches will also be reviewed.
ANTIFOLATES
The biosynthesis of thymidylate by TS proceeds via the formation of a ternary complex consisting of the substrate dUMP, the reduced folate co-factor (5,10-methylenetetrahydrofolate), and the enzyme TS. The 5FU metabolite FdUMP forms a covalent complex with TS [43, 44] . The TS:FdUMP binary complex is inhibited from further catalytic activity, however this complex is reversible [45, 46] . Formation of a ternary complex upon binding 5,10-methylenetetrahydrofolate results in the formation of the highly stable ternary complex. The critical role of the reduced folate moiety in TS catalysis spurred many [CYS195] . Mechanism of catalysis for human thymidylate synthase (TS). Cys 195 (human TS) attacks C6 of dUMP to form an enolate, which then abstracts a proton from an unidentified basic residue of the protein to form an enol in step (A). The co-factor, N 5 ,N 10 -methylene tetrahydrofolate (CH 2 H 4 folate) is activated by iminium ion formation at N5. The C5 position of dUMP, activated by enol formation, reacts with the methylene of the activated co-factor in step (B). H5 of dUMP is abstracted and the enol is re-generated in (C). Abstraction of a proton from O4 of the enol in (D) results in formation of an exocyclic methylene and release of the catalytic Cys (Cys 195). The methylene is then reduced by the modified co-factor to produce dTMP. The modified co-factor, which has served as methylene donor and reductant is released from the active site of TS followed by release of product, dTMP. The chemical evidence supporting this mechanism is summarized in [20] .
investigations into the design and synthesis of folate analogs (antifolates) that would preferentially inhibit TS, rather than dihydrofolate reductase (DHFR) [47] . Such TS-inhibitory antifolates might prove valuable as alternatives to dUMP analogs as TS inhibitory molecules for the treatment of human cancer. At least four advantages could potentially be derived from the inhibition of TS with folate analogs rather than with dUMP analogs: 1) Inhibition of TS by antifolates should be insensitive to the elevated levels of dUMP that arise following the initial inhibition of TS. Elevated dUMP levels decrease the effectiveness of dUMP analogs due to competitive binding; 2) Antifolates are larger than dUMP analogs, thus there is greater potential for diverse chemical modification; 3) TS-inhibitory antifolates might also be more useful than fluoropyrimidines (FPs) for elucidating the mechanism of thymineless cell death since FPs, especially 5FU, have RNA-mediated effects that also contribute to cytotoxicity; 4) Antifolates also have distinct pharmaco- kinetic properties and toxicity profiles from FP inhibitors of TS, and this is a potential advantage in their use for anticancer therapy. The chemical structures for folic acid, the antifolate CB3717, and four antifolate anticancer drugs that are currently being evaluated for the treatment of cancer are shown in (Fig. 4) . The structures for four other antifolate anticancer drugs are shown in (Fig. 5) .
EARLY TS-INHIBITORY ANTIFOLATES
One of the first antifolates to be developed as a specific TS inhibitor was CB3717 (Fig. 4) ; [48] ). The quinazoline ring system of CB37317 has a 2-amino-4-hydroxy substitution pattern. The 2-amino-4-hydroxy substitution pattern has been shown to result in selective preference for TS inhibition [49] relative to the preferential DHFR inhibition displayed by 2,4-diamino quinazolines [50] , such as methotrexate (MTX). In addition to the 2-amino-4-hydroxy quinazoline substitution, CB3717 also had a propargyl substituent at N10, but otherwise is a 5,8 dideaza folic acid analog (Fig. 4) . While CB3717 displayed DHFR inhibitory activity (K i = 2.3 x 10 -8 M), as well as TS inhibition (K i = 4.9 nM), evidence that the cytotoxicity of CB3717 resulted from TS inhibition included the complete rescue of L1210 cells from CB317 with 10 micromolar dT [48] . Treatment of L1210 cells (16 h at IC 50 ) with CB3717 resulted in 88% depletion of dTTP and 2,300% enhancement of cellular dUMP concentrations.
The potent inhibition of TS by CB3717 resulted in its evaluation as an anticancer drug. Dose-related nephrotoxicity was observed, however, in a substantial percentage of patients treated with CB3717. Reversible hepatic toxicity was also reported [51] . Although the serious toxicities associated with CB3717 administration prohibited its further clinical development, the strong TS inhibitory activity of CB3717 spurred design efforts to synthesize alternative antifolates with reduced toxicity.
Analogs of CB3717 were designed and synthesized at the Institute for Cancer Research (U.K.) in an effort to preserve the strong TS-inhibitory activity of the parent compound, but to eliminate the nephrotoxicity associated with its clinical administration. A possible cause for the nephrotoxicity of CB3717 was intermolecular hydrogen bond formation involving the hydrogen bond donor/acceptor groups of the 2-amino-4-hydroxy quinazoline ring system. Formation of intermolecular hydrogen bonds would reduce aqueous solubility, and could result in drug precipitation in the acidic environment of the kidney. Subsequent experimentation revealed that the 2-desamino analog of CB3717 [52] and the 2-desamino-2-methyl analog of CB3717 (ICI 198583; [53] ; (Fig. 5) displayed greater solubility and reduced toxicity relative to the parent compound, although at the expense of slightly decreased TS inhibitory activity [54] [55] [56] . The 2-methyl-4-hydroxy substituted quinazoline ring system has been retained in the design of many subsequent TS-inhibitory antifolates, including ZD 1694 (raltitrexed - (Fig. 4) , that is clinically approved for the treatment of colon cancer in Europe [57] .
CELLULAR TRANSPORT AND RETENTION
The 2-desamino and 2-desamino-2-methyl analogs (ICI 198583) of CB3717 differed from the parent drug not just in toxicity and TS inhibition, but also in transport into cells and in substrate affinity for polyglutamation by the cellular enzyme FPGS. ICI 198583 was transported more efficiently into L1210 cells via the reduced folate carrier (RFC) relative to CB3717 with the 2-desamino derivative of CB3717 displaying intermediate transport properties [55] . It is possible to achieve much higher levels of drug in malignant cells expressing RFC if the drug is transported efficiently by this protein. ICI 198583 was also a better substrate for polyglutamation by FPGS than either CB3717 or the 2-desamino analog of CB3717 [55] . The polyanionic character of drugs that have been polyglutamated by FPGS, which typically adds 2-5 glutamic acids, results in increased cellular retention of these drugs. Polyglutamated antifolates also generally bind more tightly to TS and thus are better TS inhibitors. It was the enhanced transport of ICI 198583 via the RFC and its enhanced polyglutamation by FPGS relative to CB3717 that resulted in a 10-fold increase in the therapeutic index for ICI 198583 relative to CB3717 despite the lower TS-inhibitory activity of ICI 198583 in vitro [47] . The effects of chemical modification on cellular transport and polyglutamation have been important design considerations for the synthesis of nearly all subsequent TSinhibitory antifolates [10] .
Efficient drug transport via the RFC is often considered a desirable trait in many antifolate design strategies since, in principle, this increases intracellular concentrations of drug. Negative features of efficient RFC transport include the possibility of increased toxicity towards non-malignant cells, particularly those that undergo frequent cell division such as those in the GI-tract and bone marrow [58, 59] , and the possibility of drug-resistance developing in malignant cells due to mutations in the RFC that reduce drug uptake [60] , or due to transcriptional silencing of the RFC gene by methylation [61] . Likewise, efficient polyglutamation of TSinhibitory antifolates is desirable because it increases cellular retention of drug. Polyglutamation of TS-inhibitory antifolates also results in drugs that bind to TS more tightly, and thus are better (~60-fold) TS inhibitors [57] . However, these potential advantages of enhanced polyglutamation are also potential liabilities since enhanced hydrolysis of the polyglutamates due to elevated hydrolase (GGH) in malignant cells can result in drug resistant disease [62] . Mutation or reduced expression of FPGS can reduce drug activities [63] . Cellular resistance to antifolates that are substrates for FPGS can also arise from increased cellular uptake of folates [64] . For these reasons, a number of antifolate design programs have focused on synthesizing drugs that do not require the RFC for uptake and/or, are not substrates for FPGS [63] .
The structural basis for the stabilization of antifolate binding to TS by polyglutamation was explored using X-ray crystallography and molecular modeling [65] . A computer model of the γ-L-glutamic acid derivative of ICI 198583 (a dipeptide) in a ternary complex with dUMP and E. coli TS showed that the first carboxylate interacted with Lys48 via an intervening water molecule while the α-carboxyl oxygen of the terminal Glu interacted with Arg 49 [65] . Initially, dipeptide analogs of ICI 198583 were synthesized in which each amino acid had an L-configuration [66] . These analogs were shown to have increased TS-inhibitory activities relative to the parent molecule, however, these compounds were susceptible to hydrolysis in vivo and were substrates for FPGS. Since resistance to TS-inhibitory antifolates that are substrates for FPGS could potentially arise due to the enhanced hydrolysis of polyglutamates or reduced polyglutamation, efforts were made to synthesize dipeptide analogs of ICI 198583, and related antifolates, which were resistant to chemical and/or enzymatic hydrolysis. Molecular modeling studies showed that the second amino acid could have either a D-or an L-configuration and still maintain the stabilizing electrostatic interaction with Arg 49 of TS [65] . A subsequent series of dipeptide derivatives of ICI 198583 were synthesized that included a D-amino acid. These dipeptide derivatives of ICI 198583 showed improved hydrolytic stability yet were still potent inhibitors of TS. The promising results obtained with the dipeptide analogs of ICI 198583 that were not substrates for FPGS, were hydrolytically stable, and were strong inhibitors of TS prompted the design of an analog that would have these properties and would be suited for further clinical development. ZD9331 was identified as a compound that has these desirable properties, and it is currently being evaluated in clinical trials [67, 68] . ZD9331 has a carboxylate in an analogous position to the α -carboxylate of ICI 198583, but the γ-carboxylate of L-Glu of ICI 198583 has been replaced with a methylene-spaced tetrazole moiety. ZD9331 is transported into cells by the RFC and also enters cells by passive diffusion. ZD9331 is not, however, a substrate for FPGS [10] . ZD9331 also has 7-methyl and 2'-fluoro substituents that were not present in ICI 198583. The presence of these substituents was shown to enhance the potency of ZM214888 relative to ICI 198583 from which it differed only by these substitutions [69] .
STRUCTURE-BASED DRUG DESIGN OF ANTIFOLATES
The X-ray structures of ternary complexes with antifolates bound to E. coli TS have provided structural information that has been useful in structure-based drug design (SBDD) of novel TS-inhibitory antifolates [70, 71] . The 2-amino-4-hydroxy quinazoline ring system of 10-propargyl-5,8-dideazafolate was bent at approximately a 65 o angle relative to the p-aminobenzoate moiety in the X-ray structure of the ternary complex with TS and FdUMP [70] . These X-ray structures also revealed that there was space available in the antifolate binding site of TS for derivatization at C7 of the quinazoline ring system. The 7-methyl analogs of CB3717 and ICI 198583 were synthesized, and displayed stronger TS inhibitory activity than did the parent molecules. Recently, cyclopenta[g]quinazoline-based antifolates in which C7 and C9 of ICI 198583 were incorporated into a cyclopentyl ring have been synthesized and evaluated for TS inhibition [72] . These compounds are potent inhibitors of TS, and this potency may derive from a preference to adopt a bent conformation. The creation of the cyclopentyl ring may also permit stereochemical control at C9 that further restricts the relative spatial relationship of the p-aminobenzoate moiety relative to the quinazoline ring system. Such stereochemical control may permit adoption of a molecular shape that is more ideal for TS binding, and subsequent inhibition of TS enzymatic activity, than are the present generation of antifolates.
Analysis of the structure for the reduced folate binding site of E. coli TS with FdUMP covalently bound was also used for the design of the TS inhibitors AG331 and AG337 (nolatrexed - (Fig. 4) [73] . "Humanized" forms of the E. coli enzyme were also developed, and crystal structures of these "humanized" enzymes were analyzed to better account for the structural differences between the human and bacterial enzymes. The aromatic compound naphthalene was found by computational docking methods to efficiently occupy the pteridine binding site of TS. Consideration of hydrogen bonding interactions between the co-factor analog and TS resulted in the selection of a napthostyril tricyclic ring system for further development. This program resulted in the synthesis and development of AG331 and related compounds [74] . In these compounds, the p-amino benzoic acid moiety of folic acid was modified to a p-tolyl sulfonyl derivative to facilitate attachment to the 5-position of the napthostyril ring system, while a morpholino ring was included in AG331 to increase the water solubility of TSinhibitory antifolate. AG331 and related compounds were designed to enter cells by passive diffusion, and were designed not to be substrates for FPGS. Subsequent structure-based design of TS-inhibitory folate analogs resulted in the development of 5-(arylthio)quinazolines. The shape of these analogs was designed to be complementary to the co-factor binding site of TS in the ternary complex that takes a sharp turn in the region of the enzyme that interacts near the junction of the quinazoline ring and the p-amino benzoic acid moiety [75] . The compound AG337 (thymitaq) was selected from this program to proceed in further preclinical development [76] and clinical trials [77] .
Other programs have also reported progress in the use of structure-based drug design to create novel TS-inhibitory antifolates [78, 79] . The availability of X-ray structures for human TS should be useful for SBDD studies to design novel antifolates for the treatment of human cancer [80] [81] [82] . These structure-based approaches hold the promise for understanding the structural basis for TS mutations that confer resistance to antifolates, and for designing novel antifolates capable of overcoming these sources of drugresistance [83, 84] . The availability of more sophisticated computational tools and greater computer power will expedite these efforts [85] .
MULTI-TARGETED ANTIFOLATES
As mentioned above, the 2-amino-4-hydroxy substitution pattern of the quinazoline ring system in tetrahydrofolate analogs results in compounds that are selective TS inhibitors, while the 2,4-diamino substitution pattern results in selective inhibitors of DHFR. A research program to explore the enzyme inhibitory activities of 5-substituted pyrrolopyrimidines revealed that in contrast to the selectivity for TS-inhibition displayed by 2-amino-4-hydroxy substituted quinazolines, the equivalent 2-amino-4-oxo substitution pattern for pyrrolopyrimidines resulted in compounds that target both TS and DHFR (as well as GARFT), and are referred to as multi-targeted antifolates (MTA) [86] . The dual specificity for TS and DHFR inhibition results from two distinct binding modes for 2-amino-4-oxo pyrrolopyrimidines. The classical binding mode results in the expected TS inhibition while in the alternative binding mode, the pyrrole NH plays a similar role as the 4-amino group in 2,4-diamino substituted quinazolines [87] . The compound that is in clinical development is Pemetrexed (LY231514 - (Fig. 4) [88] . Pemetrexed has a carbon at the position occupied by nitrogen in the p-aminobenzoic acid moiety and is a substrate for polyglutamation by FPGS and is taken into cells by the RFC [89, 90] .
BENZOQUINAZOLINE ANTIFOLATES
Replacement of the pteridine moiety of folates with a benzoquinazoline ring system has been shown to result in compounds that have potent TS-inhibitory activity and antitumor activity [91] . Due to the poor solubility of substituted benzoquinazolines, a sulfonamide linkage was initially used to link the (p-aminobenzoyly)-glutamate moiety to the benzoquinazoline ring system. The success of substituted quinazoline antifolates that preserved the methyleneamino linkage present between the (paminobenzoyl)-glutamate moiety and the quinazoline ring system resulted in synthesis of the analogous substituted benzoquinazoline compounds [92] . Elaboration of the aromatic ring of the p-aminobenzoyl moiety in the resulting series of compounds resulted in compounds that were substrates for FPGS, but that bound TS tightly without polyglutamation [93] . The compound 1843U89 (GW1843 - (Fig. 4) was considered for further pre-clinical and clinical development. 1843U89 enters cells via the RFC [94] . Binding of 1843U89 to TS distorts the folate binding site, and enhances binding of not only dUMP analogs, but dGMP as well [95] . The benzoquinazoline ring system provided a larger surface for stacking with the purine ring system of dGMP [96] . 1943U89 was effective at disrupting multicellular tumor spheroids at concentrations of thymidine present in human serum [97] . 1843U89 has been reformulated by encapsulation in liposomes (GS7904L), and is being evaluated in clinical trials [1] .
NUCLEOSIDE ANALOGS
Analogs of the dUMP substrate have proven to be effective as TS inhibitors. Analog design has, for the most part, focused on maintaining essential chemical functionality to permit tight and specific binding of the analog to the nucleotide binding site of TS. Maintaining the C6 position of uridine, or presenting an equivalent Michael acceptor [98] for the reactive cysteine of TS (C195 of human TS), is essential for the design of nucleotide analogs that form covalent complexes with TS [99] . Effective TS-inhibitory nucleotide analogs also preserve the 5'-O-phosphate that makes several electrostatic contacts with the side chains of four Arg residues that stabilize nucleotide analog binding [100] . In addition to contributing to analog binding, interactions between the 5'-O-phosphate and Arg side chains may also indirectly contribute to the activation of the reactive cysteine [101] . The presence of a planar, aromatic ring system, such as the pyrimidine ring system of dUMP, is essential for aromatic stacking with the quinazoline ring system of the reduced folate co-factor [102] .
The C5 position of dUMP has been subjected to extensive modification with electrophilic moieties to create TS-inhibitory nucleotide analogs. In particular, halogen substitution for hydrogen at C5 has been shown to result in TS-inhibitory nucleotides. Halogen substitution at C5 activates C6 towards nucleophilic attack by the reactive Cys of TS and stabilizes the resulting Michael adduct that occurs subsequent to Michael addition [103] . The 5-fluoro substitution (FdUMP) has resulted in the most successful TS-inhibitor in terms of clinical utility. The strength of the C-F bond, the similar size of fluorine and hydrogen, and the electrophilic character of fluorine all contribute to the 5-fluoro analog of dUMP as being an excellent TS inhibitor. 5-chloro-2'-deoxyuridine is also a potent inhibitor of TS [104] . The 5-bromo and 5-iodo substituted dUMP analogs undergo TS-catalyzed dehalogenation in the presence of exogenous thiols that reduces their utility as TS-inhibitors [105] . The 5-fluoro and 5-chloro substituted dUMP analogs do not undergo dehalogenation, and the C-F (C-Cl) bond is too strong for elimination of F-(or Cl-), effectively trapping the enolate. The 5-nitro analog of dUMP is also a potent TS inhibitor [106] . The inhibited complexes are stabilized by the binding of reduced folate. Recently it was shown that TS-inhibitory folates also stabilized TS-inhibitory ternary complexes with FdUMP suggesting that antifolates might be used effectively with FdUMP precursors in combination chemotherapy [107] .
Electrophiles other than the halogens that have additional functionality (e.g. multiple bonds) may also be placed at the C5 position of dUMP to create mechanism-based TS inhibitors. Among the functionality at the C5 position of dUMP that has been shown to result in the formation of a TS inhibitor is the trifluoromethyl group [108] [109] [110] , an ethynyl group [111] [112] [113] , and the E-2-bromovinyl group [114] . Upon Michael addition of the reactive Cys at C6 and enolate formation, these electrophiles undergo further reaction that may result in enzyme inactivation. Loss of fluoride ion from the enolate formed with trifluoromethyl dT results in formation of a difluoromethylene intermediate that reacts with Tyr 146 of E. coli TS inactivating this enzyme [108] . Likewise, both the 5-ethynyl and 5-(2-bromovinyl) moieties are susceptible to nucleophilic addition or displacement following Michael addition of the reactive cysteine of TS. The 5-(2-bromovinyl) substituted dUMP has been used to target cells that overexpress TS [115] . Several new mechanism-based TS inhibitors that have substituted alkene or alkyne moieties at the 5-position of dUMP have been described in recent years. These include the 5-(3-fluoropropyn-1-yl) [116] and the 5-imidazolylpropynyl [117] dUMP analogs that have been designed on the basis of structural analysis of TS ternary complexes, and that are efficient mechanism-based TS inhibitors.
While substitution of electrophiles at C5 has been the predominant mode of substitution and has resulted in the design and synthesis of the most successful TS-inhibitors, substitution at other positions of the pyrimidine ring has also been explored for the design of TS-inhibitors. 5-fluoro dCMP, the 4-amino analog of dUMP, serves as a direct TS inhibitor, as well as a precursor to FdUMP [118] . The 2-and/or 4-thio analogs of FdUMP show reduced TSinhibitory activity relative to FdUMP [119] . Thus, spatial and mechanistic consideration have dictated that design alterations to the pyrimidine ring be focused on the C5 position. Nonetheless, certain molecules that have minimal resemblance to dUMP are good inhibitors of TS. Pyridoxal 5'-phosphate, which resembles dUMP in having a planar aromatic ring and a phosphate group, is an effective inhibitor of Lactobacillus casei TS [120] . Glyceraldehyde 3-phosphate also inhibits TS [121] .
FDUMP PRO-DRUGS
The 5'-O-phosphate of dUMP is critical for dUMP binding to TS, as well as for activation of the reactive cysteine of TS. Since cellular uptake of nucleotides is, in general, not competitive with extracellular degradation to the respective nucleosides, a number of pro-drug strategies have been designed to deliver nucleotide pro-drugs into cells. 5'-phosphordiamidate derivatives of FdUMP were synthesized and found to inhibit the growth of murine leukemia cells [5] can be cleaved to release FdUMP while the metabolic conversion of 5FU to FdUMP requires multiple enzymatic steps. [122] . The rates of activity corresponded to the rate of hydrolysis of the phosphordiamidate to FdUMP. More recently, novel haloethyl and piperidyl phosphoramidate FdUMP pro-drugs have been described that have biological activity in the nanomolar range [123, 124] . Several other strategies have been described to create neutral pro-drugs of FdUMP that are activated by cellular enzymes [125, 126] .
FDUMP[N] OLIGODEOXYNUCLEOTIDES
FdUMP[N] oligodeoxynucleotides (ODNs) constitute an interesting class of TS-inhibitory molecules with potential clinical utility [14] [15] [16] [17] [18] [19] (Fig. 6) compounds [16] . Conjugation of FdUMP[N] molecules with folic acid has been used to target 5FU-resistant human colon cancer cells [19] .
5FU PRO-DRUGS
While a number of promising strategies have been put forward or are being developed to deliver the TS-inhibitor FdUMP into malignant cells, the predominant form of fluoropyrimidine in clinical use is still 5FU [6] . The use of 5FU has many drawbacks, chiefly the rapid catabolism to fluoro-β-alanine [131] and the misincorporation of FUTP into RNA that causes GI-tract toxicity [132] . Nonetheless, 5FU penetrates cell membranes readily by passive diffusion [133] and serves as an inefficient pro-drug of FdUMP. One of the chief difficulties with the clinical administration of 5FU has been the requirement for slow intravenous infusion of the drug to achieve maximal TS inhibition [134] . For this reason, a number of 5FU pro-drug strategies have been developed to permit oral bioavailability. The most successful 5FU pro-drug that is used clinically is capecitabine (Xeloda) [135] . 5-fluoro-2'-deoxyuridine could, in principle, serve as an efficient precursor of FdUMP. FdU is rapidly metabolized to 5FU in vivo, and thus serves clinically as a pro-drug of 5FU [136] . Other 5FU pro-drugs that are being evaluated for clinical utility are 5'-deoxy-5-fluorouridine [137] and ftorafur [138] . Other, orally-available 5FU pro-drugs are in pre-clinical development [139] .
ANTISENSE TARGETING OF TS MRNA
While the targeting of TS protein with either substrate or co-factor analogs has proven very successful for TS inhibition, in principle targeting TS mRNA (antisense strategy) or the TS gene (antigene strategy) could also be effective at reducing TS activity. TS activity is decreased by the transfection of human colon cancer cells with a TS antisense construct [140] . Exposure of cancer cells to exogenous ODNs that are antisense to TS mRNA also decreases TS expression and activity and sensitizes cells to TS-inhibitory drugs [141] [142] [143] . A variety of chemistries are possible. Antisense ODNs with the phosphorothioate backbone being the most common. 2'-O-methyl ORNs that were antisense to TS mRNA and targeted the site of TS protein binding specifically inhibited TS expression in colon cancer cells [144] . Antisense ODNs targeting the translation initiation site of TS mRNA also inhibited TS mRNA expression [145] . TS mRNA levels are also regulated by naturally expressed antisense (rTS alpha) [146] . Inhibiting transcription of TS mRNA may also be a viable strategy for reducing TS activity in malignant cells [147] .
SUMMARY
TS inhibitors constitute an important class of anticancer drugs. The widespread clinical experience with 5FU and other TS inhibitors make it probable that TS inhibitors will continue to play a significant role in anticancer therapy. In this review, a variety of novel strategies that have been used to devise TS inhibitors have been reviewed. Many of these strategies have employed rational modification of the nucleotide substrate or the reduced folate co-factor. Screening methodologies have also been employed to identify novel TS inhibitors [148, 149] . Other strategies have focused on inhibiting transcription of the TS gene or translation of TS mRNA, or disrupting TS protein binding to TS mRNA. Recent cancer mortality statistics reveal that the current generation of TS-inhibitors in clinical use has provided a survival benefit for patients with certain malignancies [150] . Recently, TS has been shown to be an oncogene and that overexpression of TS results in cellular transformation [151] . The development of more potent, more selective, and less toxic TS-inhibitors is likely to be of enormous benefit for cancer chemotherapy. 
